We describe the solvent-dependent morphology of a conjugated polymer, poly(3-hexylthiophene) (P3HT) interfaced with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and the evolution of the resulting inter-connected fibrillar structure (ICFS) in a diffusive bilayer heterojunction (DBHJ). It is found that the fibrillar structure of the P3HT is preferentially developed in a poor solvent and less soluble than an amorphous structure and the ICFS improves the power conversion efficiency (η p ) significantly. Among four different solvents chlorobenzene, dichlorobenzene, chloroform and p-xylene studied, p-xylene results in η p ≈ 3% whereas chlorobenzene yields only 0.5%. This indicates clearly that the formation of the ICFS plays a critical role to induce high exciton generation/dissociation to produce spatially uninterrupted pathways for the charge transport, and to enhance η p of a polymer photovoltaic device in the DBHJ configuration.
Introduction
Organic photovoltaic (PV) devices based on conjugated polymers have attracted great interest as a class of alternatives to inorganic PV devices because of low cost, easy processing, light weight and mechanical flexibility [1] [2] [3] [4] . In order to enhance the power conversion efficiency (η p ) of polymer PV devices, there are two major issues; one is to manipulate an interface between a donor layer and an acceptor layer for the exciton generation to be located within the range of the exciton diffusion length (about 10 nm) [1, 2] and the other concerns spatially uninterrupted pathways for the charge carriers after the exciton dissociation. Recently, a variety of diffusive bilayer heterojunctions (DBHJ) that have relative advantages of a bilayer heterojunction (HJ) and a bulk HJ have been demonstrated to enlarge the donor-acceptor interface and to produce the uninterrupted carrier pathways toward the corresponding electrodes [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The simplest approach to the construction of the DBHJ is based on the sequential spin-coating of a solution of a donor material and a solution of an acceptor material [5] [6] [7] [8] [9] [10] [11] . The diffusive nature of the donor-acceptor interface is then produced by randomly dissolving the first layer during the second spincoating process. In this approach, the lamination technique [12] or thermal treatment [13] [14] [15] [16] [17] is known to be useful for creating percolation paths in a bilayer HJ, but it often leads to a low value of η p due to the formation of the diffusive interface at a molecular level but not a domain level of the donor and the acceptor.
In bulk HJ devices based on conjugated polymers (electron donors), the fibrillar structures of the polymers were found to improve the carrier mobility and the power conversion efficiency [18] [19] [20] [21] [22] [23] [24] [25] . This suggests that the structural arrangement of the polymer chains and the crystallinity are important factors to understand the physical mechanism for the enhancement of the power conversion efficiency in view of the fibrillar morphology in the polymer-based DBHJ. It is expected that the fibrillar morphology and the formation of inter-diffusive regions depend on the nature of the solvent being used, for example, whether it is good or poor, polar or nonpolar and whether the boiling temperature is low or high.
In this work, we present the solvent-dependent morphological structure as well as the evolution of an interconnected fibrillar structure (ICFS) of a conjugated polymer, poly(3-hexylthiophene) (P3HT), interfaced with [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) in a DBHJ PV device. It is found that the solubility of the P3HT plays an important role in the formation of the fibrillar morphology of the P3HT which is critical for producing interpenetrating networks at a domain level through partial dissolving. When a poor solvent was used, η p was enhanced by a factor of 5 compared to a good solvent whose boiling temperature (T b ) is similar to that of the poor solvent. Due to the difference in the solubility between the amorphous and fibrillar structures in the P3HT layer, an interpenetrating fibrillar structure with the acceptor layer was spontaneously formed during the subsequent spin-coating process. In section 2, details of the experiments together with the materials used in this study are described. Experimental results for the solvent-dependent morphological properties, the x-ray diffraction and ultraviolet-visible absorption of the P3HT layers together with the P3HT/[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) layers prepared from four different solvents are presented in section 3. In section 4, the PV characteristics of several different DBHJ devices based on the P3BT and the PCBM are presented. Some concluding remarks are made in section 5.
Experimental details
Our PV device with the P3HT (an electron donor) and the PCBM (an electron acceptor) in the DBHJ configuration is shown in figure 1(a) . Indium-tin-oxide (ITO) was used for a transparent anode. The ITO coated glass substrate was cleaned sequentially with acetone, isopropyl alcohol and methyl alcohol in an ultrasonicator for 10 min each. At each cleaning step, the substrate was rinsed with deionized water for 5 min in an ultrasonicator and purged with nitrogen gas. The cleaned substrates were dried at 90
• C in a vacuum oven for 10 min to remove any residual water. The ITO substrate was modified with a hole transport material of poly(3,4-ethylenedioxylenethiophene)-polystyrene sulfonic acid (PEDOT:PSS, PVP AI 4083, Baytron P) to prepare a hole transport layer of 40 nm thick. A diffusive or an interpenetrating interface was then produced with the P3HT and the PCBM as shown in figure 1(b) in the DBHJ device. In principle, two types of the interfacial regions, one of which is composed of inter-diffusive structures (IDS) at a molecular level [12] [13] [14] [15] [16] [17] and the other is ICFS at a domain level, may be formed as shown in figure 1(b) . The power conversion efficiency of the BHJ PV device would depend on the relative portions of the two structures.
Note that as shown in figure 1(b) , the ICFS thickness is similar to the P3HT film thickness since the fibrillar structure is initially developed throughout the whole P3HT film.
Since a high molecular weight (MW)-P3HT polymer prefers to form a fibrillar structure which is less soluble than an amorphous structure [18, 19] , we used a high MW-P3HT (the average M w = 87 000, Sigma-Aldrich). Four different
• C) were used for dissolving the P3HT to examine how the nature of the solvent (or the solubility of the P3HT) and T b influence the morphology and the crystallinity of the P3HT in a solid film prepared from a solution. Note that the PX and the CB have similar T b s, while the DCB has a higher T b and the CF has a lower T b than the PX. The PX is a poor solvent with relatively low solubility compared to other solvents. At room temperature, the P3HT is slightly soluble in the PX and optically opaque, whereas it is fully dissolved in a good solvent (the CB, DCB, or CF) and transparent. At 80
• C, however, the P3HT in the PX is substantially dissolved and the aggregation of polymer chains occurs during cooling down to room temperature [20] . Three solutions were prepared by dissolving 3 wt.%, 3 wt.% and 2 wt.% of the P3HT in the CB, DCB, and CF, respectively. These three solutions were spin-coated at 3000 rpm onto the PEDOT:PSS-coated ITO glasses at room temperature, while the P3HT solution (1.5 wt.%) in the PX was spin-coated at 1000 rpm to maintain the same thickness as the other three cases. For all the cases, the thickness of the P3HT layer was determined be about 70 nm. On the top of each P3HT layer, the PCBM solution (1.5 wt.% in the PX) was spin-coated at 1000 rpm to construct an active layer in the BHJ configuration. The overall thickness of each PCBM-on-P3HT film was found to be about 100 nm.
For the back metal electrode (cathode), a lithium fluoride (LiF) layer of 0.5 nm thick and an aluminum (Al) layer of 100 nm thick were successively prepared by thermal evaporation at the rate of 1Å s -1 in a vacuum chamber. Note that the photoactive area of our solar cells was 0.09 cm 2 . The surface morphologies of the P3HT layers and the PCBM-on-P3HT films were observed using an atomic force microscopy (AFM) (XE-150, PSIA). Structural information about the P3HT layer was deduced from the data of grazing incidence x-ray diffraction (GIXRD) (D8 DISCOVER, Bruker) using a synchrotron x-ray beam with the wavelength λ = 0.154056 nm. The UV-visible absorption spectra were measured using a spectrometer (V-530, Jasco). The photocurrent was measured under illumination from a solar simulator with AM 1.5G filters whose light intensity was calibrated with a standard silicon diode. The current-voltage characteristics were obtained using a source-measure unit (Model 2400, Keithley).
Solvent-dependent fibrillar morphologies of P3HT

Morphological properties of P3HT layers
We first examine how the surface morphology of the P3HT layer is affected by the type of the solvent used. Figure 2 shows the AFM images and the corresponding morphological profiles of the P3HT films for four different solvents. For the P3HT layer prepared from the PX, the fibrillar structures mixed with the amorphous structures were formed as shown in figure 2(a), while for the P3HT layers from the CB, DCB and CF, no fibrillar structures were microscopically observed as in figures 2(b)-(d), respectively. The average values of the root-mean-square roughness of the P3HT layer for the PX, CB, DCB and CF were found to be 4.37, 2.76, 5.24 and 0.91 nm, respectively. The smallest surface roughness was obtained for the CF case whereas the largest for the DCB case. This suggests that the surface roughness is also influenced by the boiling temperature (T b = 61.5
• C for the CF) in addition to the presence of the fibrillar structures.
The fibrillar morphology is indicative of the structural ordering of the P3HT chains. Each fibril consists of π -stacked chains with the backbone axis which lies along the stacking direction in a lamellar structure [19, 21] . It is noted that the poor solubility of the P3HT prefers to spontaneously form nanofibers as clearly seen in figure 2(a) . The typical length of a nanofiber is in the range from 0.2 to 0.5 μm, the thickness from 5 to 15 nm and the width from 15 to 50 nm [20, 21] . For a solvent with good solubility such as the CB or DCB, the polymer chain of the high MW-P3HT tends to adopt a coil-like, disordered conformation in solution [26] . This implies that the nanofiber structure of the P3HT will not be energetically favored in a good solvent. Figure 3(a) shows the GIXRD data for the P3HT layers prepared from three different solvents (the PX, CB and DCB) and those for the bare substrate. Note that the CF case is not likely to produce the fibrillar structure as in figure 1(b) . The x-ray intensity was obtained by 2θ scan for a fixed angle of grazing incidence [27] . The grazing angle was chosen to be 0.5
• which is slightly larger than the critical angle for total reflection so that the x-ray intensity comes mostly from the P3HT surface.
The primary (1 0 0) diffraction peaks for the P3HT layers prepared from the PX, CB and DCB occurred at 2θ = 5.37
• , 5.25
• and 5.30
• respectively. Note that for the CF case, essentially no diffraction peaks were observed since the lamellar ordering of the P3HT was barely formed. The diffraction data for the CF were similar to those for the bare substrate. From Bragg's law, 2d sinθ = mλ, with a positive integer m representing the interference order, the corresponding lattice constant d was obtained to be 16.4Å for the PX, 16.8Å for the CB and 16.7Å for the DCB. These values are in the range of the lattice parameter of the P3HT in a lamella structure [24] of the out-of-plane orientation with the backbone parallel to the substrate surface and the sidechains perpendicular to it [21] . Considering the secondary peak observed at 2θ = 10.7
• , the P3HT film only from the PX exhibits the large structural order associated with the lamella stacking. This is consistent with the AFM images showing the fibrillar structures of the P3HT in figure 2(a) . In other words, the lamellar ordering of the P3HT is profound and grows into a fibrillar structure on a macroscopic scale in a poor solvent (the PX), while it exists locally in a good solvent (the CB or DCB). Moreover, our experimental results indicate that for good solvents, the degree of the local lamellar order depends on the boiling temperature to some extent. Figure 3 (b) shows the UV-visible absorption spectra of the P3HT layers that were spin-coated from three solutions in the PX, CB, and DCB. For the P3HT layer from the PX, three absorption peaks were clearly identified at around 521, 552 and 601 nm in our case. Among them, the peak at around 601 nm comes from the interchain transition [28] of P3HT in ordered aggregates associated with π -π * stacking [21, 29, 30] . The other two peaks at around 552 and 521 nm are related to the structural arrangement of the chain segments or the effective conjugation lengths of the P3HT in the solid state [28] . The peak intensities at around 601 nm in the PX, CB and DCB cases suggest that the P3HT layer from the PX is more ordered than the others. This is in good agreement with the AFM and the GIXRD results in figures 2 and 3, respectively. In addition, the red-shift of the peak at 516 nm (the CB) to 518 nm (the DCB) and 521 nm (the PX) indicates the increase of the effective conjugation length in the P3HT layer [28] . This means that the solvent property plays an important role in the structural ordering of the P3HT.
Solvent-annealing effect on morphological changes of PCBM-on-P3HT films
We first investigate the solvent-annealing (SA) effect on the morphological changes of two P3HT layers, the PX-P3HT layer prepared from the PX and the DCB-P3HT layer from the DCB, before processing the subsequent PCBM layer from a solution in the PX.
For the study of the SA effect itself, the two P3HT layers were independently treated with the PX which is the solvent for the PCBM. Figures 4(a) and (b) show the AFM images (the amplitude image in the left and the phase image in the right) and the UV-visible absorption spectra of the PX-P3HT and the DCB-P3HT layers treated with the PX, respectively. The corresponding morphological profiles of the two P3HT layers were shown in the bottom. The average value of the rootmean-square roughness of the PX-P3HT layer and that of the DCB-P3HT layer were about 5.68and 6.42 nm, respectively. The surface roughness of the P3HT layer treated with the PX was increased by about 2 nm compared to that of the untreated P3HT layer. This may be attributed to the SA effect by the PX which results in the increase of ordered fibrillar structures, particularly, in the amorphous region of the P3HT. As shown in the AFM images (see, the phase images) in figures 4(a) and (b), it was found that the fibrillar structures in the PX-P3HT layer were more pronounced than those in the DCB-P3HT layer. Furthermore, as shown in figure 4(c) , the absorption peak at 601 nm (indicated by an arrow) suggests that the SA effect by the PX (being used as the solvent for the PCBM) strongly influences the structural order of the P3HT chains.
Based on the above results for the SA effect, we now describe the morphological changes of two PCBM-on-P3HT films, one of which was prepared on the PX-P3HT layer and the other on the DCB-P3HT layer. Figure 5 shows the AFM images and the UV-visible absorption spectra of the PCBMon-P3HT films prepared by spin-coating the PCBM solution (1.5 wt.%) in the PX at the spinning rate of 1000 rpm onto two different P3HT layers. As shown in figures 5(a) and (b), in both cases, the initial fibrillar morphology of the P3HT layer was substantially replicated in the PCBM-on-P3HT film after spin-coating the PCBM in the PX. For the case of the PCBMon-P3HT from the PX, the ICFS was evidently evolved in the DBHJ configuration. However, for the DCB-P3HT case as shown in figure 5(c) , the intensity of the absorption peak at about 601 nm was diminished in the PCBM-on-P3HT film compared to the P3HT layer itself. This tells us that during the preparation of the PCBM layer in the PX by spin-coating, the PX-P3HT layer prefers to produce the ICFS, whereas the DCB-P3HT tends to form the IDS that were described in figure 1(b) .
Photovoltaic characteristics of P3HT/PCBM DBHJ
The current-voltage curves of several DBHJ PV devices constructed using four different solvents (the PX, CB, DCB and CF) were shown in figure 6 . The measurements were performed under illumination at the intensity of 100 mW cm -2 . For the PX case, one PV device was treated with the postannealing (PA) process at 150
• C for 3 min and the other no PA process. Note that as for organic thin-film-transistors [31] , the PA treatment may also improve the electrical performance of organic solar cells. As shown in figure 6 , for the CF and CB cases, the PV characteristics were found to be quite poor due to the disruption of the P3HT layer during the subsequent PCBM process while for the PX case, the short-circuit current density (J sc ) and the fill-factor (FF) were much enhanced because of the presence of the ICFS. Moreover, the PA treatment was found to further enhance the PV characteristics of the PX case. This is well consistent with what were observed in the AFM images and the UV-visible spectra of the PCBM-on-P3HT films as well as the P3HT layers as shown in figure 2-5. In fact, the IDS is barely transformed into the ICFS even under the PA, meaning that the enhancement of η p by the PA is essentially limited.
From the interfacial point of view, it is very interesting to note that the DCB case shows less fibrillar (or more amorphous) structures than the PX case, and thus the formation of the subsequent PCBM layer on the P3HT layer will be different from each other. For the DCB case, the PCBM is expected to mix with the P3HT to form the IDS at a molecular level, while for the PX case, it will be located separately from the fibrillar microcrystallites of the P3HT at a domain level as described in figure 1(b) . As a consequence, the PX case showing the ICFS provides less interrupted pathways for charge transport and exhibits a lower value of the series resistance R s = 7.34 cm 2 and a higher FF (0.49) than the DCB case (R s = 10.7 cm 2 and FF = 0.43).
A relatively small open-circuit voltage (V oc ) and a high FF were obtained for the PX case [32] . The performance parameters of the PV devices we studied, such as J sc , V oc , FF and η p , were summarized in table 1.
As clearly seen in table 1, due to the presence of the ICFS in the DBHJ, the PV device based on the PX-P3HT layer yields a relatively high value of η p (at least 2%) among all the PV devices we constructed using four different solvents (the CF, CB, DCB and PX) without the PA treatment. The PX-P3HT device with the PA treatment shows the best PV performance of J sc = 8.31 mA cm −2 , V oc = 0.56 V, FF = 0.59 and η p = 2.73%. The increase of both J sc and the FF results from the decrease in the series resistance (from 7.34 to 5.61 cm 2 ) due to the PA process. This implies that the PA process contributes to the formation of percolated donor-acceptor networks for charge transport.
Concluding remarks
We demonstrated that solvent-dependent fibrillar morphologies of the P3HT layer and the resultant PCBM-on-P3HT film play an important role in the PV characteristics of polymer-based DBHJ PV devices. Due to the solubility difference between the amorphous and crystalline, fibrillar structures in the P3HT layer, the PCBM prefers to diffuse into the amorphous region of the P3HT layer during the formation of the PCBM-on-P3HT film and consequently, the donoracceptor interface becomes enlarged. The ICFS was found to be critical to induce high exciton generation/dissociation to produce spatially uninterrupted pathways for the charge transport, and to improve the power conversion efficiency of the PV device. It was found that both the surface roughness and the fibrillar morphology were varied with the solvent properties used for the solutions of both the P3HT and the PCBM, for example, whether good or poor, polar or non-polar and high or low boiling temperature (vapor pressure). Among all the DBHJ PV devices we constructed using four different solvents (the CF, CB, DCB and PX), the PV device with the PX-P3HT layer showed the best PV characteristics of η p ≈ 3% when it was post-annealed. The relatively low value of η p compared to the previous results [10] may be enhanced by the purification of the active materials and the optimization of the solution concentration, the film thickness and the device configuration. Our results showing the formation of the ICFS proposed in figure 1(b) will provide a versatile basis for understanding the physical mechanism associated with the PV phenomenon as well as for constructing a new class of the PV devices with high power conversion efficiency.
